Three different alumina powders with varying particle sizes were subjected to spray drying under identical conditions and effect of particle size on heat transfer efficiency and mechanism of formation of granules was elucidated. Morphology, internal structure and size distribution of granules were studied and evaluated with respect to their flow behaviour. In order to estimate the elastic interaction of granules, the granules were subjected to compaction under progressive loading followed by periodic unloading. Compaction curves were plotted and compressibility factor was estimated and correlated with predicted and measured green density values.
I. Introduction
Spray drying is one of the widely used unit operations and effective single step drying and granulation technique initially used extensively by the dairy industry [1] [2] [3] [4] [5] . This technology extends now into various vital industrial sectors i.e. pharmaceuticals, food, agrochemicals, heavy and fine chemicals, detergents, metallurgical and ceramic industries [6] [7] [8] [9] [10] [11] [12] [13] [14] . Several methods of drying such as drying laboratory ovens, rotary evaporators, freeze dryers etc. produce particles of irregular shapes and sizes [14] . Spray drying involves atomization of a precursor fluid into droplets with high surface to mass ratio, which are than exposed to the hot air medium in a drying chamber. Direct contact with the heated air causes effective heat transfer, instantaneous evaporation of the solvent and uniform transformation of the fluid into dry granules in the one step process [15, 16] .
Today powder manufacturing industries are looking for high powder quality along with high productivity, lower cost and minimal environmental impact. Due to the inherent flexibility in operation and modification of process parameters of spray drying, it is possible to engineer the powder properties to the predefined specifications, such as granule size, morphology, density and also the moisture content. Efficiency of the spray drying process is a strong function of momentum, heat and mass transfer to the droplets and corresponding material, energy balance and droplet drying kinetics [17] .
Compaction of ceramics is one of the common industrial forming processes and quality of the formed compact is a strong function of granules' properties with optimum morphology [18] [19] [20] . This is due to the fact that the surface forces (Van der Waals) on these particles will spontaneously tend to form low density aggregates. These aggregates result in inhomogeneous die filling and non-consistent compacted parts. Granulation by spray drying facilitates the addition of organic additives which weakly bounds the primary particles and ensure good deformability under compaction pressure. Additionally, the binders also impart strength of the compacted green parts [22, 23] . Rearrangement of granules under compaction stresses depends mainly on granule packing structure, granule size distribution and hardness. Granules with high flowability and less intergran-ular friction facilitate better compact quality with lesser packing faults [23] [24] [25] [26] [27] . Though spray drying is widely practiced, challenges with users are to achieve consistent quality of the granules. Hence, it is mandatory to understand the process and the effects of various parameters on the quality and productivity.
The main objective of the present study is to evaluate the effect of primary particle size of alumina powder on the morphology and internal structure of spray dried granules and to correlate the granule properties with respect to flowability. Further, the compaction behaviour of the granules was also studied through progressive loading and periodic unloading followed by plotting of compression curves and estimation of compressibility factor.
II. Experimental
Alumina powders of three grades MR-01, HIM-10 (Nalco, India) and SM-8 (Baikowski, France) of varying particle size were subjected to phase analysis by X-ray diffraction (Bruker AXS GmbH, Karlsruhe, Germany) and particle size measurement using laser diffraction technique (Nanosizer, Malvern). Morphology of the powders is also evaluated using scanning electron microscope (SE300/N, Hitachi, Japan). The alumina powders were dispersed in aqueous medium to form slurries having solid fraction of 30 wt.% using Darvan 821A (R.T. Vanderbilt Co., Inc., Norwalk, CT, USA) as a dispersant and 2 wt.% PVA as the binder. The suspension was then milled for 4 h in polypropylene bottles in a pot jar mill with 10 revolutions per minute using alumina grinding balls of 4 mm diameter at 1 : 1 charge to balls ratio to achieve expected solid loadings.
The slurries prepared as described above were subjected to spray drying using a laboratory spray dryer BUCHI-B-290/295 model. Typical spray drying parameters are shown in Table 1 . Thermodynamic considerations on spray drying process can be defined through the relationships by applying a mass and energy balance [17] . For single pass mode using spray dryer the outlet temperature can be correlated with the equation:
where M soln and M gas are the flow rate of the slurry and hot air, respectively, X solid is the solid content in the slurry, C p is the specific heat of the air, ∆H vap is the heat of vaporization of the slurry and T inlet is the inlet temperature of the hot air. In order to evaluate the effect of spray drying parameters, the granules were subjected to SEM analysis for size, distribution and morphology of the granules. Further, the granule flow characteristics are analysed using the powder flow analyser (Stable Micro System, UK). Internal structure of green granules was also evaluated using SEM imaging of the granules after subjecting them to mounting and gentle polishing. Further, attempts were made to generate the compaction curves for different granule morphologies.
Compaction behaviour of MR-01, HIM-10 and SM-8 granules was evaluated by using a compaction die with 10 mm diameter placed between the platens of a universal testing machine (Instron, 4483). 1 g of the powder was used for compaction and load-displacement curves were recorded using a computer interface. Before carrying out the compaction process, the powder was compacted with initial pressure of 5 MPa, as it is difficult to record reliable measurements at pressures below 5 MPa.
The displacement values of the top punch were recorded [23, 24] . Powder was further compacted up to 260 MPa with defined increment of pressure and for every preset value of these pressures the displacements of the top punch from the initial position are recorded. When the compaction cycle for each pressure is completed, the true compaction of the powder body without contribution of the elastic interaction between the particles can be obtained from the plot of height versus pressure. Further on, the segments were extrapolated to the axis of ordinates at the attained level of the initial pressure (5 MPa). Height of the compact (H i ) at different compaction pressures was calculated based on the value of the h k from the equation:
where H i is thickness of the compact under compaction processing, H k is pellet thickness at maximum pressure, h k is displacement at k th value and h k−1 is displacement at k−1 th values [24] .
III. Results and discussion
XRD patterns of the powders MR-01, HIM-10 and SM-8, used in the present study, along with the particle size and morphology are shown in Figs. 1, 2 and 3, respectively. It is evident that all the powders have alumina as a major phase. However, there is a large variation in particle sizes. The alumina powders MR-01, HIM-10 and SM-8 exhibit the particle size (D 50 ) of 0.8 µm, 6 µm and 0.25 µm, respectively. Morphologies of the powder MR-01 and HIM-10 are similar (particles have different geometric shapes, high aspect ratio and are agglomerated), but morphology of the powder SM-8 characterizes discrete particles with narrow size distribution and mostly equi-axed shape.
It is evident from the spray drying parameters depicted in Table 1 that there is a distinct difference in the outlet temperature which is a strong function of other contributing parameters, such as: inlet temperature, hot air flow rate and slurry feed rate, which were kept identical in all cases. The outlet temperature estimated by the equation (1) was around 111°C. Heat input of the hot air should be equal to the sum of the heat output of the air (112°C) and the temperature of spray dried granules and heat losses in the spray drier. The measured outlet air temperature for the sample MR-01 is close to the predicted values and granules exhibited a moisture content of 2% indicating the minimum heat losses in continuous operation. However, in case of the sample SM-8 the measured outlet air temperature (119°C) exceeded the predicted values. Further, SM-8 granules exhibited a moisture content of >1%, whereas relatively high moisture content of 4% was observed for the sample HIM-10. In a dynamic system the heat transfer properties depend on several variables such as hot air velocity, particle size, size distribution, shape as well as the thermo-physical properties of the particles. Under the present experimental conditions, as the particle size is the major variable, the difference in moisture content could be correlated with the heat transfer effects on particle properties.
SEM micrographs of the spray dried granules MR-01, HIM-10 and SM-8 are shown in Fig. 4 . During atomization of the slurry under air pressure, the granules get into direct contact with the hot air and the water starts evaporating from the surface and consequently the internal water get transported to the surface by capillary action. Further, the solids concentrate on the surface and droplet shrinks due to the inward movement of the boundaries. It is evident that MR-01 granules are relatively dense (Fig. 4a,b) . Due to the fine sizes (D 50 = 0.8 µm) the MR-01 droplet shrinks slowly leading to a uniform distribution of solids and formation of dense granules without significant crust formation. This is also evident from the internal structure of the granules depicted in Fig. 5a . It is well known that the high density granules are desired for compaction. However, too high density of granules can also be a disadvantage. Nevertheless surfaces are porous as they are the escape path of residual water vapour from inside of the granule after achieving the thermal equilibrium with the hot gas. In the case of the sample SM-8, particle size is also fine (D 50 = 0.25 µm) and it is expected to have a more uniform coating of organic binders on the surface of the particles dispersed in the slurry. The granules are mostly spherical along with a few doughnut shapes. During drying the organic binders along with the much finer particles are expected to form an elastic film, with binder reaching outer layer with very low permeability to the moisture (Fig. 5c) . On achieving the thermal equilibrium with the hot air there will be evaporation inside the droplet causing ballooning (Fig. 5c) . The migration of the binders along with the densely packed outer shell may resist fracture during compaction causing compaction defects. Unlike other samples, in the case of HIM-10 the granules are constituted of agglomerates with distinct voids on the surface. In this case, the droplets shrink faster leading to the thickening of the surface preventing the free escape of the water vapour due to the low permeability. During the thermal equilibrium with the hot air temperature exceeds the boiling point of water internal pressure build up and surface bursts forming the voids on the surface. The ground surface of the granules (Fig.  5b ) reveals agglomerates with interconnected voids.
Apparent density and flow property of the granules are shown in Table 2 . Apparent density values are found to correlate well with the observed microstructure. The dense granules exhibited an apparent density of 0.96 g/cm 3 , 0.85 g/cm 3 and 0.63 g/cm 3 for the samples MR-01 SM8 and HIM-10, respectively. During the first stage of compaction process the density increases through granule rearrangement and pore reduction followed by granule deformation to about 80% of green density. Later, the compaction reaches the final stage the granule fracture and become a green compact with isolated pores (having 60% of theoretical density (%TD)). The stress induced by rearrangement and deformation of granules depends primarily on the flowability, packing of primary particles, granule size distribution and hardness. Granules with the high flowability and low intergranular friction are expected to have lesser packing flaws. Cohesion index measurement of the granules revealed relatively higher flowability for SM-8 sample. Though the apparent density of the sample SM-8 is lower than for MR-01 due to ballooning, the relatively higher flowability can be attributed to the hard skin which favours the free flow. HIM-10 on the other hand possess several surface voids (Fig. 5b) which restricts the flow while flowing against each other exhibiting comparatively poor flowability though with the cohesion index value of 9.58 (cohesion index <11, flowability categorization as described elsewhere [28] ) corresponds to the free flowing behaviour. However, in general spray drying has substantially improved the flowability of all powders with different geometric shapes to a greater extent.
Granule size distribution of the samples MR-01, HIM-10 and SM-8 are shown in Fig. 6 . Size of the granules formed during spray drying mainly depends on the size of the atomized droplet, solid loading of the slurry, particle size of the primary particles and feed rate of the slurry. Since all parameters, except the particle size, are maintained identical, the granule size distribution can be correlated to the primary particle size. Though the granule size distribution is found to be a function of the initial particle size in case of HIM-10 and MR-01, the granules size distributions are almost the same for MR-01 and SM-8 powders. This can be attributed to the fact that skin hardening and ballooning effect observed in the case of SM-8 does not allow shrinkage of the granules The granule size distribution plays a major role in filling the intra-granular voids between the granules. It is well known that ceramic granules are not plastic and elastic factors influence the compactability under compaction pressure. When the sample is compacted the strain energy is stored in the compacts. On release of compaction pressure the pellet rebound in the opposite direction. In order to estimate the elastic interaction, a progressive loading under compaction and its periodic unloading was probed. Method of plotting the compaction curves on the basis of one parameter pressing equation is described elsewhere [24] . The compaction curves for MR-01, HIM-10 and SM-8 granules are depicted in Fig. 7 . It is observed that the plot of relative density versus compaction pressure of the true compaction curve ρ(p) exhibit the acceptable fit with R 2 ≥ 0.98. Compaction behaviour is well described by the one parameter logarithmic equation ρ(p) = 4.06b + 34.94 for the sample MR-01, ρ(p) = 5.05b + 28.90 for the sample HIM-10 and ρ(p) = 3.26b + 32.09 for SM-8 granules. Compressibility parameter (b) of the compaction equation provides reliable information on the compaction behaviour of the samples. Predicted and green densities measured by dimensional method are depicted in Table 3 .
It is evident that, under identical compaction pressure the compressibility factor and predicted green density based on the instantaneous spring back correlates well in the case of MR-01, HIM-10 and SM-8 samples. Further, the measured density through dimensional method after the compaction cycle is completed and ejection of the compact from the die and the predicted density are within an accuracy of 1% in the case of MR-01 and HIM-10. However, a variation of 19% between the measured and predicted density is observed in the case of the sample SM-8. In present study, the spring back is estimated by instantaneously measuring the ram displacement. Morphology of the granules SM-8 clearly shows that they are hollow in nature, due to ballooning and isolated air pockets are also evident (Fig. 5c) . The granule yields under compaction stresses. When the stresses are removed the compact is still within the die wall and probably does not allow easy escape of air which contributes to the observed variation in predicted and measured green density values.
IV. Conclusions
Alumina powders with particle size D 50 = 0.25, 0.8 and 6 µm were subjected to spray drying under identical conditions and the heat transfer efficiency is found to be maximal for the powder with smallest particle size (D 50 = 0.25 µm), as revealed by the higher outlet temperature and the lowest moisture content of the granules. Morphology, internal structure and size distribution of the granules were found to be a function of particle size. Thus, solid and hollow granules were formed from the alumina powder having particle size D 50 = 0.8 µm (MR-01) and D 50 = 0.25 µm (SM-8), respectively, due to the ballooning effect and dense surface. The granules with distributed voids were obtained from the alumina powder with particle size D 50 = 6 µm (HIM-10). Mechanism for the observed granule structures has been elucidated. Granules size distribution is found to be identical for the samples SM-8 and MR-01 (having particle size D 50 = 0.25 and 0.8 µm, respectively) and distinctly different for the sample HIM-10 (with D 50 = 6 µm), signifying the effect of primary particle size on granule build up during spray drying. Flow behaviour of the granules was correlated through cohesion index and found to be strong function of their surface morphology. Elastic interaction curves of granules evaluated through progressive loading followed by periodic unloading using uniaxial compaction were plotted. Variation of predicted green densities and actually measured values were also explained based on the granules morphology and internal structure of granules.
